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Epidemiologic observations as well as preclinical studies
in animal and cell culture models indicate that dimin-
ished folate status increases the risk of carcinogenesis in
certain tissues.1,2 The biological plausibility of these
observations is underscored by the fact that folate is an
essential cofactor in biological methylation and nucle-
otide synthesis,3,4 and it is presently believed that anoma-
lies in DNA methylation and in DNA synthesis are among
the most common molecular alternations that contribute
to the development of human neoplasia.5,6

The data in this regard is most compelling for the
colorectum, but increasing evidence is accruing for
similar effects in the breast and possibly in other organs.
However, as we go about fully defining this effect, it is
important to remain cognizant of the fact that a variety of
factors interact with folate status and thereby further
modulate folate’s effects on carcinogenesis.

OTHER ONE-CARBON MICRONUTRIENTS
AS CODETERMINANTS

The maintenance of normal patterns of biological methy-
lation and nucleotide synthesis depends not only upon
the adequate availability of folate but also on the adequate
availability of other one-carbon nutrients, including vita-
mins B2, B6, and B12.7–9 These vitamins assume critical
roles as cofactors in the one-carbon metabolic network in
conjunction with folate. Thus, the metabolic functions of
all these one-carbon vitamins are highly interdependent.

Aberrant signaling along the Wnt pathway is an early
event in 90% of human colorectal cancers and is thought
to play an important mechanistic role.10 A variety of
mutational and epigenetic silencing events in Wnt

pathway genes, which ultimately effect a decrease in the
degradation of b-catenin and increase catenin-mediated
transcription of procarcinogenic genes, have been com-
monly identified in human colon neoplasia.11,12 Classical
mutations of Apc are often present, but de novo methyla-
tion of the Apc promoter region plays an important role
as a second hit in silencing Apc expression in colorectal
neoplasia.13 We recently reported that Apc expression is
also impaired by a severe degree of folate depletion.4

Thus, evidence exists that Wnt signaling can be altered by
dietary inadequacy of folate, albeit in response to a defi-
ciency state of severe proportions.

Severe deficiencies of one-carbon nutrients are rare
in the industrialized world. However, marginal status is
common. This is particularly true for vitamins B6 and B12,
and it appears that the elderly are among the most
vulnerable.14–16 We hypothesized that biochemical and
molecular aberrations in the colon due to impaired one-
carbon metabolism are magnified in the presence of mild
inadequacies of several of these vitamins in a manner that
would not otherwise be observed with folate depletion
alone. We therefore designed a mouse study to examine
the proposed synergies between these vitamins in regard
to how they might impact on Wnt pathway.We intention-
ally used very mild levels of vitamin inadequacy in order
to simulate the marginal inadequacies that are common
in the general population.We also chose to study a mouse
strain that is not predisposed to colorectal neoplasia,
since we wished to examine the molecular and biochemi-
cal effects of these states of vitamin restriction in the
absence of the confounding effects of a colon that is
intrinsically driven towards neoplastic transformation.

Our results, which appear in detail in a recent publi-
cation,17 confirmed our hypothesis. The induction of
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DNA strand breaks in the colonic Apc gene, which devel-
oped in a specific manner since they were only observed
to occur within the mutation cluster region of the gene,
were associated with a significant fivefold reduction in
Apc expression among those mice who were on the diet
deficient in all four vitamins. An isolated depletion of
folate or a depletion of folate and one other vitamin either
did not produce a significant effect on Apc expression or
tended to produce an effect of lesser magnitude than that
observed with the multiple vitamin depletion state. No
hypermethylation of the three CpG islands in the 5′
untranslated region of the gene was observed as a result of
vitamin depletion, discounting this as a mechanism by which
Apc expression could be suppressed.

Similarly, increased levels of celluar b-catenin in the
colonic epithelium and increased translocation of the
protein to the nucleus (which is a necessary event in
canonical Wnt signaling), occurred to a greater degree in
the multiple vitamin deplete state compared to singlet
and doublet deficiencies. A pro-transformational gene,
cyclin D1, whose expression is known to be upregulated
by b-catenein-mediated transcription was increased
more than threefold in the multiple deplete state but was
not significantly increased by any of the other depletion
states. Moreover, apoptosis, which is thought to be an
important pathway by which the colonic epithelium
avoids neoplastic transformation, was impaired to a sig-
nificant degree by the multiple depletion state (35%) but
not by any of the other singlet or doublet deficient states.
In summary, perturbations in the Wnt-signaling cascade
induced by the combined depletion of all four vitamins
were consistently observed to be greater than those in the
isolated folate depletion group, and in most instances
were greater than the doublet states of depletion. This
emphasizes the concept that diets which are inadequate in
multiple one-carbon micronutrients may have important
functional ramifications that do not exist with singlet or
doublet states of depletion.

ELDER AGE AS A CODETERMINANT

Another important factor that impacts folate metabolism
is age.We have shown that the folate concentration within
the colonic mucosa of elder rodents is only about one-
half of the concentration observed in young adults fed
equivalent amounts of dietary folate.18 This differential
only disappears when the animals are fed a diet contain-
ing four times the basal requirement of the vitamin. This
effect of age appears to be tissue-specific since the differ-
ences between young and elder adults is not nearly as
apparent when blood concentrations of folate are exam-
ined. Interestingly, the effect of age is not solely quantita-
tive: the proportion of total colonic folate that is
comprised of methylfolates is markedly diminished in the

elder animals compared to the young adults. It is tempt-
ing to conclude that the susceptibility of the colon to
folate depletion is related to the extremely high state of
proliferation of this tissue. The elderly colon also appears
to be more susceptible to changes in molecular aberra-
tions that occur as a result of folate inadequacy: only the
elder colon is susceptible to the induction of uracil incor-
poration as a function of folate depletion.18 Similarly,
genomic and p16 promoter methylation can be modu-
lated by folate availability in the elder, but not young
adult, colon.19 Whether the effect of elder age as a major
risk factor for colon cancer is in part conveyed by age-
related changes in colonic folate metabolism is a matter of
speculation but one that is ripe for investigation.

Acknowledgments

Funding. Supported in part by National Institutes of
Health grants U54 CA10097 and K05 CA100048 (JBM),
Agricultural Research Service, Agreement No.58-1950-4-
401. Any opinions, findings, conclusions or recommen-
dations expressed in this publication are those of the
author(s) and do not necessarily reflect the view of the
U.S. Department of Agriculture.

Declaration of interest. JBM has served as a consultant to
Wyeth Consumer Healthcare, a manufacturer of multivi-
tamins. The authors have no other potential conflicts of
interests to disclose.

REFERENCES

1. Giovannucci E. Epidemiologic studies of folate and colorectal
neoplasia: a review. J Nutr. 2002;132(Suppl):S2350–S2355.

2. Choi SW, Mason JB. Folate and carcinogenesis: an integrated
scheme. J Nutr. 2000;130:129–132.

3. Pufulete M, Al-Ghnaniem R, Leather AJ, Appleby P, Gout S,
Terry C, et al. Folate status, genomic DNA hypomethylation,
and risk of colorectal adenoma and cancer: a case control
study. Gastroenterology. 2003;124:1240–1248.

4. Kim YI, Shirwadkar S, Choi SW, Puchyr M, Wang Y, Mason JB.
Effects of dietary folate on DNA strand breaks within
mutation-prone exons of the p53 gene in rat colon. Gastro-
enterology. 2000;119:151–161.

5. Jones PA, Baylin SB. The fundamental role of epigenetic
events in cancer. Nat Rev Genet. 2002;3:415–428.

6. Duthie SJ, Hawdon A. DNA instability (strand breakage, uracil
misincorporation, and defective repair) is increased by folic
acid depletion in human lymphocytes in vitro. Faseb J.
1998;12:1491–1497.

7. Ulrey CL, Liu L, Andrews LG, Tollefsbol TO. The impact of
metabolism on DNA methylation. Hum Mol Genet.
2005;14:R139–R147.

8. Van den Veyver IB. Genetic effects of methylation diets. Annu
Rev Nutr. 2002;22:255–282.

9. Davis CD, Uthus EO. DNA methylation, cancer susceptibility,
and nutrient interactions. Exp Biol Med. 2004;229:988–995.

Nutrition Reviews® Vol. 66(Suppl. 1):S15–S17S16



10. Fodde R, Smits R, Clevers H. APC, signal transduction and
genetic instability in colorectal cancer. Nat Rev Cancer.
2001;1:55–67.

11. Moser AR, Pitot HC, Dove WF. A dominant mutation that pre-
disposes to multiple intestinal neoplasia in the mouse.
Science. 1990;247:322–324.

12. Suzuki H, Watkins DN, Jair KW, Schuebel KE, Markowitz SD,
Chen WD, et al. Epigenetic inactivation of SFRP genes allows
constitutive WNT signaling in colorectal cancer. Nat Genet.
2004;36:417–422.

13. Arnold CN, Goel A, Niedzwiecki D, Dowell JM, Wasserman L,
Compton C, et al. APC promoter hypermethylation contrib-
utes to the loss of APC expression in colorectal cancers with
allelic loss on 5q. Cancer Biol Ther. 2004;3:960–964.

14. Planells E, Sanchez C, Montellano MA, Mataix J, Llopis J. Vita-
mins B6 and B12 and folate status in an adult Mediterranean
population. Eur J Clin Nutr. 2003;57:777–785.

15. Lindenbaum J, Rosenberg IH, Wilson PW, Stabler SP, Allen RH.
Prevalence of cobalamin deficiency in the Framingham
elderly population. Am J Clin Nutr. 1994;60:2–11.

16. Jacques PF, Bostom AG, Wilson PW, Rich S, Rosenberg IH,
Selhub J. Determinants of plasma total homocysteine con-
centration in the Framingham Offspring cohort. Am J Clin
Nutr. 2001;73:613–621.

17. Liu Z, Choi S-W, Crott JW, Keyes MK, Jang H, Smith D, et al.
Combined mild depletion of folate and other B-vitamins
alters Wnt-signaling in the mouse colon. J Nutr. 2007;137:
2701–2708.

18. Choi S-W, Friso S, Dolnikowski G, Bagley P, Edmondson A,
Nadeau M, et al. Biochemical and molecular aberrations in
the rat colon due to folate depletion are age-specific. J Nutr.
2003;133:1206–1212.

19. Keyes MK, Jang H, Mason JB, Liu Z, Crott J, Smith D, et al. Elder
age and dietary folate are determinants of genomic and p16-
specific DNA methylation in the mouse colon. J Nutr.
2007;137:1713–1717.

Nutrition Reviews® Vol. 66(Suppl. 1):S15–S17 S17


